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(54) Semiconductor processing techniques 

(57) The present invention provides a manufactur- 
ing environment (110) for a wafer fab, and an SPC envi- 
ronment (112) for setting control limits and acquiring 
metrology data of production runs. A computation envi- 
ronment (114) processes the SPC data, which are then 
analyzed in an analysis environment (116). An MES 
environment (118) evaluates the analysis and automat- 
ical ty executes a process intervention if the process is 
outside the control limits. Additionally, the present inven- 
tion provides for an electrical power management sys- 
tem, a spare parts inventory and scheduling system and 
a wafer fab efficiency system. These systems employ 
algorithms (735, 1 135 and 1335). 
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Description 

[0001] The present Invention relates to techniques 
for semiconductor wafer processing. 
[0002] A semiconductor device such as an IC (inte- 
grated circuit) generally has electronic circuit elements 
such as transistors, diodes and resistors fabricated inte- 
grally on a single body of semiconductor material. The 
various circuit elements are connected through conduc- 
tive connectors to form a complete circuit which can 
contain millions of individual circuit elements. Integrated 
circuits are typical ty fabricated from semiconductor 
wafers in a process consisting of a sequence of 
processing steps. This process, usually referred to as 
wafer fabrication or wafer fab, includes such operations 
as oxidation, etch mask preparation, etching, material 
deposition, planarization and cleaning. 
[0003] A summary of an aluminum gate PMOS (p- 
channel metal oxide semiconductor transistor) wafer fab 
process 40 is schematically shown in FIG. 1 , illustrating 
major processing steps 41 through 73, as described in 
W.R. Runyan et al., Semiconductor Integrated Circuit 
Processing Technology. Addison -Wesley Publ. Comp. 
Inc., p.48, 1994. Each of these major processing steps 
typically include several sub steps. For example, a 
major processing step such as metallization to provide 
an aluminum layer by means of sputter deposition in a 
wafer fab chamber is disclosed in U.S. Pat No. 
5,108,570 (R.C. Wang, 1992). This sputter deposition 
process is schematically shown in sub steps 81 through 
97 of process 80, see FIG. 2. 

[0004] FIGS. 1 and 2 show sequential wafer fab 
processes. It is also known to utilize wafer fab sub sys- 
tems which provide parallel processing steps. Such sub 
systems typically include one or more cluster tools. A 
cluster tool as defined herein includes a system of 
chambers and wafer handling equipment wherein 
wafers are processed in the cluster tool chambers with- 
out leaving a controlled cluster tool environment such 
as vacuum. An example of a cluster tool is disclosed in 
U.S. Pat. No. 5,236,868 (J. Nulman, 1993) which 
employs a vacuum apparatus having a central chamber 
and four processing chambers. A wafer handling robot 
in the central chamber has access to the interior of each 
the processing chambers in order to transfer wafers 
from the central chamber into each of the chambers 
while keeping the wafers in a vacuum environment. In 
one example, wafers in the '868 cluster are first trans- 
ferred for processing to a cleaning chamber, then to a 
PVD (physical vapor deposition) chamber, followed by 
transfer to an annealing chamber and subsequently to a 
degassing chamber, thus utilizing a sequential process. 
It is also known to use cluster tools such as those dis- 
closed in the '868 patent to process wafers in chambers 
which are used in parallel. For example, if a slow 
processing step is followed by a fast processing step, 
three chambers can be used In parallel for the slow 
process while the fourth chamber is used for the fast 



process. 

[0005] It is well known to those of ordinary skill in 
the art that one or more processing parameters of a typ- 
ical wafer fab process step need to be controlled within 

5 a relatively narrow range in order to obtain a product 
which has the desired characteristics. For example, 
U.S. Pat. No. 5,754,297 (J. Nulman, 1998) discloses a 
method and apparatus for monitoring a deposition rate 
during wafer fab metal film deposition such as sputter- 

10 ing. The '297 patent teaches that the metal deposition 
rate decreases with increasing age of the sputter target 
if the input sputter power level is maintained at a con- 
stant level. As a consequence, critical processing char- 
acteristics, such as the metal deposition rate, may vary 

is from run to run for a given wafer fab processing cham- 
ber in ways that can affect the yield and quality of 
devices processed in that chamber. As disclosed in the 
'297 patent the deposition system can be more readily 
maintained near desired levels when processing varia- 

20 bles, such as the power input to the sputtering source, 
are adjusted in response to observed variations in the 
metal deposition processing characteristics. This 
requires in-situ measurement of processing characteris- 
tics, using for example a deposition rate monitor based 

25 on the optical attenuation of Eight passing through the 
deposition environment, thereby detecting the rate at 
which material is flowing from the deposition source to 
the deposition substrate, as described more fully in the 
'297 patent. 

30 [0006] Advances in semiconductor materials, 
processing and test techniques have resulted in reduc- 
ing the overall size of the IC circuit elements, while 
increasing their number on a single body. This requires 
a high degree of product and process control for each 

35 processing step and for combinations or sequences of 
processing steps. It is thus necessary to control impuri- 
ties and particulate contamination in the processing 
materials such as process gases. Also, it is necessary 
to control processing parameters such as temperature, 

40 pressure, gas flow rates, processing time intervals and 
input sputter power, as illustrated in the '570 and '297 
patents. As illustrated in FIGS. 1 and 2, a wafer fab 
includes a complex sequence of processing steps 
wherein the result of any particular processing step typ- 

45 ically is highly dependent on one or more preceding 
processing steps. For example, if there is an error in the 
overlay or alignment of etch masks for interconnects in 
adjacent IC layers, the resulting interconnects are not in 
their proper design location. This can result in intercon- 

so nects which are packed too closely, forming electrical 
short defects between these interconnects. It is also 
well known that two different processing problems can 
have a cumulative effect. For example, a misalignment 
of interconnect etch masks which is not extensive 

55 enough to result in an electrical short, can still contrib- 
ute to causing an electrical short if the process is slightly 
out of specification for allowing (or not detecting) partic- 
ulate contamination having a particle size which would 
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not have caused an electrical short if the interconnect 
masks had been in good alignment. 
[0007] Processing and/or materials defects such as 
described above generally cause a reduced wafer fab 
yield, wherein the yield is defined as the percentage of 5 
acceptable wafers that are produced in a particular fab. 
In-process tests and monitoring of processing parame- 
ters are utilized to determine whether a given in-process 
product or process problem or defect indicates that 
intervention in the process run is necessary, such as w 
making a processing adjustment or aborting the run. 
Consequently, product and process control techniques 
are used extensively throughout a wafer fab. When pos- 
sible, yield problems are traced back to specific product 
or processing problems or defects to ultimately improve is 
the yield of the wafer fab. High yields are desirable for 
minimizing manufacturing costs for each processed 
wafer and to maximize the utilization of resources such 
as electrical power, chemicals and water, while minimiz- 
ing scrap re-work or disposal. 20 
[0008] It is known to use SPC (statistical process 
control) and SQC (statistical quality control) methods to 
determine suitable wafer fab control limits and to main- 
tain the process within these limits, see for example R. 
Zorich, Handbook Of Quality Integrated Circuit Manu- 25 
facturlng . Academic Press Inc., pp. 464-498, 1991. SPC 
and SQC methodologies suitable for a wafer fab include 
the use of control charts, see for example R. Zorich at 
pp. 475-498. As is well known to those of ordinary skill 
in the art, a control chart is a graphical display of one or 30 
more selected process or product variables, such as 
chamber pressure, which are sampled ova time. The 
target value of a particular variable and its upper and 
lower control limits are designated on the chart, using 
well known statistical sampling and computation meth- 35 
ods. The process is deemed out of control when the 
observed value of the variable, or a statistically derived 
value such as the average of several observed values, 
is outside the previously determined control limits. Con- 
trol limits are typically set at a multiple of the standard 40 
deviation of the mean of the target value, such as for 
example 2a or 3a. The target value is derived from a 
test run or a production run which meets such wafer fab 
design criteria as yield, process control and product 
quality. SPC and SQC are considered synonymous 45 
when used in the above context, see R. Zorich at p. 464. 
[0009] Effective wafer inventory management is 
necessary for maintaining inventories of unprocessed 
or partly processed wafers at a minimum and thereby 
minimizing the unit cost of the semiconductor devices so 
which are produced in the wafer fab. Minimizing invento- 
ries of wafers in process also has a wafer yield benefit 
because it is well known that the longer wafers are in the 
process, the lower their yield. Wafer inventory manage- 
ment typically uses scheduling techniques to maximize ss 
equipment capabilities in view of the demand for proc- 
essed wafers, for example by scheduling parallel and 
series processing steps to avoid processing bottle- 



necks. Effective inventory control of a wafer fab also 
requires a low incidence of bottlenecks or interruptions 
due to unscheduled down times which can for example 
be caused by unscheduled maintenance, interruptions 
resulting from processing parameters which are outside 
their specified limits, unavailability of required materials 
such as a process gas, unavailability of necessary 
maintenance replacement parts, unavailability of a 
processing tool such as a chamber, or electrical power 
interruptions. 

[001 0] Many components or sub-systems of a wafer 
fab are automated in order to achieve a high degree of 
processing reliability and reproducibility and to maxi- 
mize yields. Wafer fab tools such as chambers are typi- 
cally controlled by a computer using a set of instructions 
which are generally known as a recipe for operating the 
process which is executed by the tool. However, it is rec- 
ognized that a high degree of automation wherein vari- 
ous processes and metrologies are integrated, is 
difficult to achieve due to the complexity and inter 
dependency of many of the wafer fab processes, see for 
example Peter van Zandt, Microchip Fabrication. 3 rd 
ed., McGraw-Hill, pp. 472 - 478, 1997. 
[0011] Wafer tabs require effective maintenance 
scheduling in order to maintain reliability of all compo- 
nents in the wafer fab. This generally results in having a 
costly spare parts inventory, thus adding to the IC pro- 
duction cost. 

[0012] Electrical circuit breaker ratings for wafer 
fabs are generally much higher than the average power 
usage rate due to the need to absorb power surges in 
wafer fab equipment during processing. The high circuit 
breaker ratings require costly equipment in order to 
accommodate the power surges and peak power 
demands. 

[001 3] Accordingly, a need exists for methods and 
techniques which provide improved process control, 
quality, yield and cost reduction. 

SUMMARY OF THE INVENTION 

[0014] The present invention provides novel tech- 
niques for semiconductor processing, particularly for 
wafer manufacturing, which provide the needed 
improvements in process control, quality, yield and cost 
reduction. 

[0015] In one embodiment of the present invention, 
an SPC technique is integrated with a wafer manufac- 
turing process. Control limits for the manufacturing 
process are determined using processing parameters 
which are indicative of a manufacturing process meet- 
ing the processing and yield requirements of the proc- 
ess. SPC is then employed to determine whether 
subsequent production runs are executed within the 
control limits, testing the same parameters as were 
used to determine the control limits for the process. 
Automatic process intervention is initiated by the Inte- 
grated SPC techniques to, for example, correct the 
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process or abort It If the process Is outside the control 
limits. 

[0016] In another embodiment of the present inven- 
tion, a manufacturing environment is provided for 
processing a wafer in a wafer fab chamber. An SPC s 
environment is Integrated with the manufacturing envi- 
ronment, to establish the process control limits and to 
acquire process and/or product metrology information 
from production runs in the manufacturing environment 
using the same parameters as were used to establish 10 
the control limits. A computation environment is used to 
process the data and information contained in the SPC 
environment. The SPC data are analyzed in an analysis 
environment by comparing the control limits with the 
process data. An MES (manufacturing execution sys- is 
tern) environment acquires the analysis and determines 
whether the process of the manufacturing environment 
is executed within or outside the control limits. The MES 
environment automatically intervenes with the manufac- 
turing environment for corrective action if the process is 20 
executed outside the control limits. 
[0017] Additional embodiments provide for process- 
ing techniques for wafer fab sub -systems, and for one or 
more wafer fabs employing SPC techniques which are 
integrated with the manufacturing processes. 25 
[0018] In another embodiment of the present inven- 
tion, a manufacturing environment is provided for 
processing wafers in a wafer fab chamber. A novel elec- 
trical power management system is integrated with the 
manufacturing environment of a wafer fab for schedul- 30 
ing and regulating electrical power such that high power 
demand peaks are avoided. This system includes a 
power monitor environment for collecting information 
from a manufacturing environment such as a process- 
ing chamber, a computation environment for processing 35 
data and information and an analysis environment to 
assist in analyzing the results obtained in the computa- 
tion environment. The electrical power management 
system collects processing tool information relating to 
electrical power usage and tool scheduling and then 40 
uses this information in a novel algorithm to schedule 
the usage of processing tools such that anticipated 
power surges are scheduled to occur during relatively 
low power usage periods of the wafer fab. This avoids 
power peaks during wafer fab processing, thus lowering 45 
the wafer fab electrical circuit breaker ratings and 
thereby lowering the wafer fab cost. 
[0019] In still another embodiment of the present 
invention, a wafer fab is provided with a novel spare 
parts inventory and scheduling system. This system uti- so 
lizes an algorithm to automatically order spare parts for 
delivery on a date just prior to the date on which the part 
is needed. 

[0020] In yet another embodiment of the present 
invention, a wafer fab is provided with a novel wafer fab 55 
efficiency system employing an algorithm for more effi- 
cient scheduling of wafer fab resources, resulting in a 
more efficient wafer flow and thus maximizing die output 



and wafer fab utilization. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0021] 

FIG. 1 is a flowchart schematically illustrating a 
prior art wafer fab process. 
FIG. 2 is a flowchart schematically illustrating a 
prior art wafer fab sputter metallization process. 
FIG. 3 is a block diagram schematically illustrating 
an SPC integrated wafer fab of the present inven- 
tion. 

FIG. 4 is a block diagram schematically illustrating 
another embodiment of an SPC integrated wafer 
fab of the present invention. 
FIG. 5 is a block diagram schematically showing a 
wafer fab manufacturing environment of the SPC 
integrated wafer fab illustrated in FIG. 4. 
FIG. 6 is a block diagram schematically showing a 
computation environment of the SPC integrated 
wafer fab illustrated in FIG. 4. 
FIG. 7 is a block diagram schematically showing a 
decision making environment of the SPC integrated 
wafer fab illustrated in FIG. 4. 
FIG. 8 is a block diagram schematically illustrating 
an alternate embodiment of a SPC integrated wafer 
fab of the present invention. 
FIG. 9 is a block diagram schematically illustrating 
another embodiment of an SPC integrated wafer 
fab of the present invention. 
FIG. 10 is a block diagram schematically illustrating 
a wafer fab employing an electrical power schedul- 
ing system of the present invention. 
FIG. 1 1 is a block diagram schematically showing a 
processing chamber of the wafer fab illustrated in 
FIG. 10. 

FIG. 12 is a block diagram schematically showing a 
computation environment of the wafer fab illustrated 
in FIG. 10. 

FIG. 13 is an algorithm of the computation environ- 
ment illustrated in FIG. 12. 
FIG. 14 is a block diagram schematically illustrating 
multiple wafer fabs employing an electrical power 
scheduling system of the present invention. 
FIG. 15 is a block diagram schematically illustrating 
a wafer fab employing a spare parts inventory and 
scheduling system of the present invention. 
FIG. 1 6 is a block diagram schematically showing a 
processing chamber of the wafer fab illustrated in 
FIG. 15. 

FIG. 17 is a block diagram schematically showing a 
computation environment of the wafer fab illustrated 
in FIG. 15. 

FIG. 18 is an algorithm of the computation environ- 
ment illustrated in FIG. 17. 
FIG. 19 is a block diagram schematically illustrating 
a wafer fab employing a wafer fab efficiency system 
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of the present invention. 

FIG. 20 is a block diagram schematically showing a 
processing chamber of the wafer fab illustrated in 
FIG. 19. 

FIG. 21 is a block diagram schematically showing a 5 
computation environment of the wafer fab illustrated 
in FIG. 19. 

FIG. 22 is an algorithm of the computation environ- 
ment illustrated in FIG. 21 . 

w 

DETAILED DESCRIPTION OF THE INVENTION 

[0022] While describing the invention and its 
embodiments, certain terminology will be utilized for the 
sake of clarity. It is intended that such terminology 75 
includes the recited embodiments as well as all equiva- 
lents. 

[0023] One embodiment of the invention, schemati- 
cally illustrated in FIG. 3, shows an SPCIF (SPC inte- 
grated fab) 1 00. As defined herein, an SPCIF includes a 20 
wafer fab, a wafer fab sub-system or combination of two 
or more wafer fabs wherein SPC is integrated with one 
or more wafer fab process control techniques and 
optionally to other wafer fab systems, sub-systems or 
components. SPCIF 100, shown in FIG. 3, includes a 25 
manufacturing environment 110, an SPC environment 
112, a computation environment 1 14, an analysis envi- 
ronment 1 16, an MES environment 118 and a reporting 
environment 120. The expression "environment" as 
defined herein, includes an aggregate of technologies, 30 
methods and/or devices which provide a resource for 
acquiring data, data structures or information and 
which, optionally, can interact with the acquired data, 
data structures or information. An environment as used 
herein, includes a computer environment. The expres- 35 
sion "computer environment" as defined herein, 
includes computer software and/or hardware which pro- 
vides a resource for acquiring data, data structures or 
information and which can interact with the acquired 
data, data structures or information . 40 
[0024] Manufacturing environment 110, shown in 
FIG. 3, includes manufacturing apparatus, techniques 
and methods to manufacture wafer fab devices or 
device components such as IC structures. The expres- 
sion "IC structures" as defined herein, includes com- 45 
pletely formed ICs and partially formed ICs. The 
manufacturing environment includes such controllers 
and inputs as are necessary to form the IC structure. 
Suitable controllers include processors for example 
micro processors such as on-board computers, compu- so 
ter operated software and mechanical/electrical control- 
lers such as switches and electrical circuits employing 
for example a variable resistor such as a potentiometer. 
These controllers operate or control various processes 
and operational functions, such as gas flow rate and 55 
wafer handling within manufacturing environment 110. 
Suitable examples of manufacturing environments such 
as 1 1 0 include a wafer fab tool, such as a chamber, or 



one or more wafer fabs. 

[0025] SPC environment 112, see FIG. 3, utilizes 
SPC methodologies such as are well known to those of 
ordinary skill in the art, to determine process control lim- 
its meeting the design and yield criteria for producing a 
particular IC structure. The control limits are statistically 
derived using one or more processing and/or in-process 
product parameters which are indicative of a process 
meeting the design and yield criteria for manufacturing 
the IC structure. Once the control limits are established, 
the SPC environment acquires process and/or product 
metrology information from production runs for produc- 
ing these IC structures, using the same parameters as 
were used to establish the control limits. Computation 
environment 1 14, for example including a data proces- 
sor, is employed to perform the calculations to support 
the data processing of SPC environment 112. Analysis 
environment 116, shown in FIG. 6, is provided to ana- 
lyze SPC data provided in SPC environment 112 by 
comparing the metrology data with the control limits. 
Alternately, analysis environment 1 1 6 can be incorpo- 
rated in SPC environment 112 or in computation envi- 
ronment 114. 

[0026] MES (manufacturing execution system) 
environment 118, shown in FIG: 3, provides the infor- 
mation, control, decision making and coordinating func- 
tions of the production related activities of SPCIF 100. 
MES environment 118 acquires the results of the SPC 
analysis as determined in analysis environment 116. 
The MES environment then determines whether the 
process of manufacturing environment 1 1 0 is within or 
outside the SPC control limits. A decision making func- 
tion in MES environment 118 can then be invoked to 
decide whether or not to initiate intervention in manufac- 
turing environment 110. Such intervention can include 
aborting the run, adjusting parameters such as cham- 
ber pressure, scheduling additional wafers for process- 
ing or scheduling maintenance activities. This 
intervention can be executed through links 122 and 124 
of SPCIF 100, as shown In FIG. 3. Optionally, SPCIF 
100 is provided with a reporting environment 120 to 
acquire data and other information from the environ- 
ments of the present invention, for example using links 
128, 130, 132, 134 136 and 138 depicted in FIG. 3. 
Also, when MES environment 118 is linked to manufac- 
turing environment 1 10, a report can simultaneously be 
generated using link 126 to reporting environment 120. 
[0027] SPCIF 1 00 schematically illustrated in FIG. 3 
provides SPC which is integrated with manufacturing. 
This integration results in real time monitoring of proc- 
ess control and/or product quality and provides real time 
process intervention as soon as certain pre -selected 
process or product parameters are outside the control 
limits. It also facilitates more effective scheduling of tool 
availability, materials inventory and real time knowledge 
as well as scheduling capability for facilities such as 
electrical power requirements in the manufacturing 
process. 
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[0028] FIG. 4 is a schematic illustration of another 
embodiment of the present invention showing SPCIF 
200 wherein SPC is integrated with wafer processing in 
one chamber of a wafer fab. SPCIF 200 includes a wafer 
fab chamber manufacturing environment 210, an SPC 
environment 220, a computation environment 230, an 
analysis environment 240, an MES environment 250 
and a reporting environment 260. MES environment 
250 includes a decision making environment 252, a 
scheduling environment 254 and a process intervention 
environment 256. Optionally, the MES environment can 
also include an MIS (management information system) 
component (not shown). 

[0029] As shown in FIGS. 4 and 5, wafer fab cham- 
ber manufacturing environment 210 of SPCIF 200 
receives various inputs from MES environment 250 and 
from SPC environment 220. MES process intervention 
environment 256 provides for automated or closed loop 
intervention 458 (FIG. 5) and optionally for n on -auto- 
mated intervention 460, as will be described in more 
detail in connection with FIG. 7. Returning to FIG. 5, the 
intervention includes setting or regulating chamber con- 
trollers such as controllers 310, 312, 314, 316, 318 and 
320, and providing information to input devices 322 and 
324. Based on MES input, chamber status controller 
31 0 is employed to select the status of the chamber: on- 
line in standby 326, on-line in-process 328 or off-line 
330. Controller 31 2 is utilized to select the chamber sta- 
tus as linked 332 or not linked 334 to the wafer fab sys- 
tem (not shown). Controller 314 controls parameters 
336 of the facilities systems, such as electrical power, 
water and waste product removal. Controller 316 con- 
trols chamber processing parameters 338, such as 
process gas flow rate and pressure. Chamber metrol- 
ogy parameters 340 are controlled by controller 318, 
these include controlling in-process test parameters 
such as for example the '297 sputter deposition rate 
monitor, and test sampling frequency. Wafer handling 
parameters 342, such as the operational parameters of 
a wafer handling robot, are controlled by controller 320. 
Input from MES process intervention environment 256 
can be utilized to abort a production run using chamber 
status controller 310 to put the chamber in an off-line 
status and thereby stop all processing functions of the 
chamber. 

[0030] MES process intervention environment 256, 
see FIG. 5, can be utilized to provide production run 
information 344 by means of production run information 
input device 322. Such information can include run 
identification, date or purpose of the run, e.g. testing, 
production or re-work. Wafer and wafer lot identification 
346 in. wafer fab chamber manufacturing environment 
210 can be provided by means of wafer identification 
input device 324. 

[0031] MES scheduling environment 254, shown in 
FIG. 4, provides additional MES inputs to wafer fab 
chamber manufacturing environment 210, as is 
depicted in more detail in FIG. 5. The scheduling envi- 



10 

ronment is an additional input to chamber status con- 
troller 310. Also, this environment is an additional input 
to controller 312 to optionally link the chamber to a 
wafer fab. Scheduling controller 348, FIG. 5, of chamber 

5 manufacturing environment 210 receives inputs from 
MES scheduling environment 254 to control wafer 
inventory 350, consumables 352, maintenance parts 
354, maintenance activities 356 and facilities systems 
scheduling 357 for example scheduling the electrical 

10 power needed for executing the manufacturing process 
within the chamber. MES scheduling environment 254 
coordinates scheduling of various functions or activities. 
For example, maintenance activities scheduling 356 is 
coordinated with chamber status controller 310, such as 

75 scheduling the status of the chamber off-line 330 for 
maintenance activities 356 or scheduling wafer inven- 
tory 350 and consumables 352 such as process gas in 
coordination with an on-line in-process status 328. 

[0032] Chamber metrology results 358 are obtained 

20 from the use of test procedures employing chamber 
metrology parameters 340. These results include for 
example the rate at which material is flowing from a 
sputter deposition source to a deposition substrate, as 
disclosed in the '297 patent. 

25 [0033] SPCIF 200 utilizes an SPC environment 
220, as illustrated in FIG. 4, to establish process control 
limits for the process in chamber manufacturing envi- 
ronment 210 and to acquire in-process metrology 
results from manufacturing environment 210. SPC data 

30 acquisition from chamber manufacturing environment 
210 is schematically illustrated in FIG. 5 as follows. 
Chamber status information is provided to SPC environ- 
ment 220 by on-line standby 326, on-line in process 328 
and off-line 330. Production run information 344 and 

35 wafer ID 346 data as well as chamber metrology param- 
eter information 340 and metrology results 358 can be 
provided to SPC environment 220 through a link 355, 
see FIGS. 4 and 5. 

[0034] SPC methodologies suitable for the present 

40 invention include control chart methodologies and 
Pareto charts. A Pareto chart is a bar chart representa- 
tion which displays a ranking of the number of occur- 
rences of a particular defect as compared with the 
cumulative number of occurrences of all defects and the 

45 number of occurrences of each of the other defects or 
problems. Control charts are particularly suitable for 
techniques of the present invention. As is well known to 
those of ordinary skill in the art, control limits are typi- 
cally determined following the collection of a statistically 

so significant number of data, which are relevant to an 
important or critical parameter indicative of the process 
operating as designed and resulting in an acceptable 
yield. A suitable parameter for a process carried out in 
chamber manufacturing environment 210 can include 

55 sputter power in a sputter deposition process, gas flow 
rate and/or pressure, and particle contamination in the 
chamber environment. Metrology data measuring these 
parameters at specific intervals provide the input for the 



EP1 058 174 A2 



6 



11 

determination of control limits. Additionally, metrology 
data concerning in-situ product testing can be used in a 
similar way. For example using the technology disclosed 
in U.S. Pat. No. 5,698,989 (J. Nulman, 1997) for meas- 
uring the sheet resistance of an electrically conductive 5 
film on a semiconductor substrate in-situ, while main- 
taining the substrate within the vacuum environment of 
the semiconductor process apparatus. The data which 
are obtained for the process while running in control, i.e. 
within operational specification and yield, are then com- 10 
puted to determine the process control limits using sta- 
tistical methods such as those which are well known to 
those of ordinary skill in the art. Subsequent production 
runs are then analyzed using metrology data of the 
same processing or in-situ product parameters as were 75 
used to determine the control limits. 

[0035] SPC environment 220, schematically shown 
in FIGS. 4 and 5, contains the control limits and 
acquires the metrology information from chamber man- 
ufacturing environment 210. The SPC environment 20 
includes a component for reporting and/or displaying 
the control limits and the processing or in-situ product 
metrology data of a production run. The reporting 
and/or displaying component resides in reporting envi- 
ronment 260, see FIG. 4, and includes graphical and/or 25 
numerical display on a monitor or on a print-out. 
[0036] Computation environment 230, depicted in 
FIGS. 4 and 6, is utilized to perform the calculations to 
support the data processing and reporting of the SPC 
environment. Computation environment 230 typically 30 
includes a processor such as a microprocessor 410 
(FIG. 6), algorithms or data structures 412, a database 
414, a memory 416, optionally a network component 
41 8 and optionally an Al (artificial intelligence) compo- 
nent 420. 35 
[0037] Algorithms or data structures 412 (FIG. 6) 
are employed using methods which are well known to 
those of ordinary skill in the art to operate processor 
410 and any peripheral devices associated with this 
processor, as well as for processing the metrology and 40 
statistical data which are utilized in SPC environment 
220. Database 414 contains necessary parameter, 
metrology and statistical data. Memory 416 can for 
example be used to store in -process metrology data. 
Optional network component 418 provides a link 45 
between SPC IF 200 and external entities such as a 
remote database or a remote management function 
using for example a bus or a LAN (local area network). 
Al component 420 can for example be used to process 
the statistical data stored in database 41 4 to derive con- so 
trol limits or select metrology data, based on experience 
gained over many production runs, to derive more effec- 
tive process control. 

[0038] Computation environment 230, as described 
herein, is utilized in conjunction with SPC methodolo- 55 
gies and procedures of the present invention. However, 
it is also contemplated to use this computation environ- 
ment for any and all functions of processes carried out 
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in connection with wafer fab manufacturing environment 
210. 

[0039] As schematically shown in FIGS. 4 an d6, an 
analysis environment 240 is provided to analyze SPC 
data in SPC environment 220 by comparing the metrol- 
ogy data of the process in a particular product run with 
the pertinent control limits. This analysis can be per- 
formed by a processor using methods which are well 
known to those of ordinary skill in the art, for example 
using computation environment 230. The analysis can 
also be performed by observation of a graphical repre- 
sentation wherein the metrology data, or statistically 
derived values of these data, are plotted on a graph 
which shows the control limits. Also, a numerical com- 
parison between metrology data and control limit data 
can be a suitable basis for performing the analysis. 
While analysis environment 240 has been shown as an 
environment which is separate from the other environ- 
ments of this invention, it is also contemplated to inte- 
grate analysis environment 240 with computation 
environment 230 (FIG. 4) or with SPC environment 220. 
[0040] The results of the analysis performed in 
analysis environment 240 are acquired by decision 
making environment 252 of MES environment 250, as is 
schematically illustrated in FIG. 7. When decision mak- 
ing environment 252 determines that the process is 
operating within the predetermined control limits, see 
process status 450 of FIG. 7, there is no MES interven- 
tion 452. However, when analysis shows that the proc- 
ess is outside the control limits, (status 454) an alarm or 
out of control indicator 456 is preferably activated and 
an MES decision is made to Intervene in the process. 
This intervention can be an automated/closed loop 
intervention 458 or a non-automated MES intervention 
460. MES decision making environment 252 can for 
example be configured to have an automated interven- 
tion response when a specific processing parameter is 
outside its control limits. Such an automated interven- 
tion can include automatically aborting the production 
run. A non -automated intervention can be a pre -set 
condition of decision making environment 252, or it can 
be the result of a specific out of control limits condition. 
[0041] FIG. 5 schematically illustrates automated 
MES intervention 458 and non-automated MES inter- 
vention 460 interaction with chamber manufacturing 
environment 210 by affecting controllers 310, 312, 314, 
316, 318 and 320, as well as information input devices 
322 and 324 as previously described in connection with 
manufacturing environment 210. These interactions 
between decision making environment 252 and manu- 
facturing environment 210 comprise process interven- 
tion environment 256 depicted schematically in FIG. 4. 
MES scheduling environment 254, schematically shown 
in FIGS. 4 and 5, utilizes data and information from 
MES decision making environment 252 (FIG. 4) and 
MES process intervention environment 256 to interact 
with chamber manufacturing environment 21 0 by affect- 
ing controllers 310, 312 and 348 to control the functions 



EP1 058 174 A2 



7 



13 EP 1 058 174 A2 14 



which have been described in connection with chamber 
manufacturing environment 210. Typically, wafer fab 
chamber manufacturing environment 210 employs an 
on-board computer or distributed computer function in 
order to operate or control various processes and oper- 
ational functions and it will be understood that MES 
environment 250 may require special protocols in order 
to access chamber manufacturing environment 21 0. 
[0042] Reporting environment 260 can acquire data 
and other information from the various environments of 
the present invention as is schematically illustrated in 
FIG. 4. For example, when MES decision making envi- 
ronment 252 is linked to chamber manufacturing envi- 
ronment 210 through links 470 and 472, a report can 
simultaneously be generated in reporting environment 
260 through links 470, 474 and 476. It is also contem- 
plated to generate reports concerning decision making 
environment 252 which are not related to any specific 
interaction between this environment and the chamber 
manufacturing environment, using for example links 478 
and 480 shown in FIG. 4. Reports generated by report- 
ing environment 260 include printed matter, display on a 
computer monitor and voice. These reports can be gen- 
erated in real time. It is also contemplated to provide 
reports generated by this environment to a network 
such as network 418 shown in FIG. 6. 
[0043] TTie foregoing description of S PC IF 200 con- 
cerns interactions of SPC related methodologies and 
techniques as these are utilized in connection with 
wafer processing in a wafer fab chamber. However, non- 
SPC inputs 270 (FIG. 4) can also be provided to the 
MES environment. These inputs can for example 
include security related inputs or commands to override 
SPC as may be necessary for processing a test run in 
the chamber. 

[0044] FIG. 8, showing SPCIF 500, schematically 
illustrates a SPCIF having a plurality of wafer fab 
processing tools such as n chambers. The n chambers 
of this additional embodiment of the present invention, 
can include a wafer sub system such as the chambers 
in a cluster tool or all processing tools within a wafer fab 
such that SPCIF 500 represents a SPCIF for a complete 
wafer fab. The n chambers of SPCIF 500 are repre- 
sented by wafer fab chamber No. 1 manufacturing envi- 
ronment 510 and wafer fab chamber (Mo. n 
manufacturing environment 512. Each of these manu- 
facturing environments is similar to wafer chamber man- 
ufacturing environment 210 which has been described 
above in connection with SPCIF 200. It will be under- 
stood that chamber No. 1 manufacturing environment 
510 and chamber No. n manufacturing environment 51 2 
are linked to each other or to the same wafer fab, for 
example using controllers similar to controller 310 (FIG. 
5) of wafer fab manufacturing environment 210. The 
non-manufacturing environments of SPCIF 500 are sim- 
ilar to those of the corresponding environments of 
SPCIF 200 except that the non-manufacturing environ- 
ments of SPCIF 500 are responsive to each of the n 



chamber manufacturing environments of SPCIF 500. 
For example, SPC environment 520 (FIG. 8) of SPCIF 
500 has control limit data for each of the n chambers or 
tools and is adapted to receive the relevant metrology 

5 data from each of these chambers. The non-manufac- 
turing environments of SPCIF 500, shown in FIG. 8, 
include SPC environment 520, computation environ- 
ment 530, analysis environment 540, reporting environ- 
ment 560 and MES environment 550 having decision 

10 making environment 552, scheduling environment 554 
and process intervention environment 556. Additionally, 
SPCIF 500 is preferably adapted to accept non-SPC 
inputs 570. 

[0045] Another embodiment of the present inven- 
J5 tion is shown in FIG. 9, schematically illustrating SPCIF 
600. This SPCIF depicts wafer fab No. 1 manufacturing 
environment 610 and wafer fab No. n manufacturing 
environment 612, representing n wafer fabs. One or 
more of the n wafer fabs can be at a remote location 
20 because the present invention is operable when the n 
wafer fabs are linked electronically for example employ- 
ing network connections using such methods and tech- 
niques as are known to those of ordinary skill in the art. 
Also, the present invention is operable when the compu- 
25 tation environment is a distributed computation environ- 
ment such as distributed databases and distributed 
processor facilities. Each of the wafer fab manufacturing 
environments of SPCIF 600 is similar to the n chamber 
manufacturing environment of SPCIF 500. The non- 
30 manufacturing environments of SPCIF 600 are similar 
to those of the corresponding environments of SPCIF 
500, except that the non-manufacturing environments of 
SPCIF 600 are responsive to each of the n wafer fab 
manufacturing environments of SPCIF 600. For exam- 
35 pie, SPC environment 620 (FIG. 9) has control limit data 
for each of the n wafer fabs and is adapted to receive 
the relevant metrology data from each of these wafer 
fabs. The non-manufacturing environments of SPCIF 
600, depicted in FIG. 9, include SPC environment 620, 
40 computation environment 630, analysis environment 
640, reporting environment 660 and MES environment 
650 having decision making environment 652, schedul- 
ing environment 654 and process intervention environ- 
ment 656. Additionally, SPCIF 600 is preferably adapted 
45 to accept non-SPC inputs 670. 

[0046] SPCIFs 1 00, 200, 500 and 700, illustrated in 
FIGS. 3, 4, 8 and 9 respectively, provide SPC methodol- 
ogy which is integrated with a manufacturing environ- 
ment thereby resulting in real time responses to out of 
so control excursions of the process, where these excur- 
sions are representative of processing defects. Real 
time responses minimize the production of out of speci- 
fication products thus leading to a more effective use of 
materials and facilities and providing an early indication 
55 when a processing tool, or entire wafer fab, needs to be 
taken off-line for adjustments or maintenance. Real time 
knowledge of the quality status of various manufactur- 
ing components also enhances management's ability to 
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respond to sudden interruptions or bottlenecks in the 
system by being able to identify alternate manufacturing 
components to which a process can be diverted. 

[0047] An additional embodiment of the present 
invention, schematically illustrated in FIG. 1 0, shows a s 
wafer fab 700 including an electrical power manage- 
ment system for scheduling and regulating electrical 
power such that high power demand peaks are avoided. 
This power management system is integrated with the 
wafer fab. Wafer fab 700 includes a manufacturing envi- io 
ronment 71 0, a power monitor environment 720, a com- 
putation environment 730, an analysis environment 
740, an MES environment 750 and a reporting environ- 
ment 260. The novel electrical power management sys- 
tem comprises: power monitor environment 720, is 
computation environment 730 and analysis environ- 
ment 740. 

[0048] Manufacturing environment 71 0 of wafer fab 
700 includes the processing tools of the wafer fab such 
as wafer processing chambers and wafer handling 20 
tools, for example wafer handling robots. A wafer 
processing chamber 800, suitable for use with the novel 
power management system of the present invention Is 
schematically depicted in FIG. 11. This chamber 
receives input from MES environment 750 through links 25 
756 and 862. Optionally, chamber 800 can receive addi- 
tional input through non-MES input 805, for example a 
response to an alarm signal which is generated by a 
chamber 800 component Inputs from MES environ- 
ment 750 and non-MES input 805 include setting or reg- 30 
ulating chamber controllers such as controllers 81 0, 81 2 
, 814, 816, 818 and 820, and providing information to 
input devices 822 and 824. Based on these inputs, 
chamber status controller 81 0 is employed to select the 
status of the chamber: on-line standby 826, on-line in- 35 
process 828 or off-line 830. Controller 812 is utilized to 
select the chamber status as linked 832 or not linked 
834 to the wafer fab system (not shown). Controller 814 
controls parameters 836 of the facilities systems, such 
as electrical power, water and waste product removal. 40 
Controller 81 6 controls chamber processing parameters 
838, such as process gas flow rate and pressure. 
Chamber metrology parameters 840 are controlled by 
controller 818, these include controlling in-process test 
parameters such as for example the '297 sputter depo- 45 
sition rate monitor, and test sampling frequency. Wafer 
handling parameters 842, such as the operational 
parameters of a wafer handling robot, are controlled by 
controller 820. Input from MES environment 750 or from 
non-MES 805 can be utilized to abort a production run so 
using chamber status controller 81 0 to put the chamber 
in an off-line status and thereby stop all processing 
functions of the chamber. 

[0049] MES environment 750 or non-MES 805 
(FIG. 11) can also be utilized to provide production run ss 
information 844 by means of production run information 
input device 822. Such information can include run 
identification, date or purpose of the run, e.g. testing, 
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production or re-work. Wafer and wafer lot identification 
846 in wafer fab chamber 800 can be provided by 
means of wafer identification input device 824. MES 
environment 750 additionally provides scheduling 
inputs to wafer fab chamber 800, such as scheduling 
input to chamber status controller 810. Also, this envi- 
ronment ts an additional input to controller 812 to link 
the chamber to a wafer fab. Scheduling controller 848, 
FIG. 1 1 , of chamber 800 receives inputs from MES envi- 
ronment 750 to control wafer inventory 850, consuma- 
bles 852, maintenance parts 854, maintenance 
activities 856 and facilities systems scheduling 857 
including scheduling the electrical power needed for 
executing the manufacturing process within the cham- 
ber. MES environment 750 coordinates scheduling of 
various functions or activities. For example, mainte- 
nance activities scheduling 856 is coordinated with 
chamber status controller 810, such as scheduling the 
status of the chamber off-line 830 for maintenance 
activities 856 or scheduling wafer inventory 850 and 
consumables 852 such as process gas in coordination 
with an on-line in-process status 828. Chamber metrol- 
ogy results 858 can be obtained from the use of test 
procedures employing chamber metrology parameters 
840. These results include for example the rate at which 
material is flowing from a sputter deposition source to a 
deposition substrate, as exemplified in the '297 patent. 

[0050] The various status, parameter, information, 
metrology and scheduling conditions or results con- 
cerning chamber 800 can be transmitted directly to 
MES environment 750 through links 864 and 756, see 
FIG. 1 1 , to provide MES environment 750 with compre- 
hensive real time information regarding the chamber's 
status and processing conditions. This information can 
also be provided on a real time basis to reporting envi- 
ronment 760 through links 864, 756 and 758 and 762, 
as illustrated in FIGS. 10 and 1 1 . 
[0051] Power monitor environment 720, shown in 
FIGS. 10 and 11, can collect chamber information 
regarding its status, power usage and power schedul- 
ing, as well as processing run and wafer ID information. 
Optionally, this information is displayed or printed, for 
example by means of reporting environment 760 as 
depicted in FIG. 1 0. Returning to FIG. 1 1 , status infor- 
mation is provided to power monitor environment 720 by 
on-line standby 826, on-line in process 828, off-line 830, 
linked 832 and not linked 834. Production run 844 and 
wafer ID 846 information are transmitted to power mon- 
itor environment 720. Power usage information is com- 
municated to power monitor environment 720 by means 
of facilities parameters 836. Power usage information 
can include power usage per unit time, cumulative 
power usage and peak power usage. Monitor environ- 
ment 720 can receive power scheduling information 
from chamber 800 facilities systems scheduling 857. 
Such links as 864 and 715, see FIG. 11, can be 
employed to transmit information from chamber 800 to 
power monitor environment 720. Other processing 
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tools, such as additional chambers, (not shown) are 
similarly linked to MES environment 750 through link 
756 and to power monitor environment 720 through link 
715, thereby linking* a manufacturing environment 710, 
such as the wafer fab tools, to MES environment 750 
and to power monitor environment 720. 

[0052] The wafer fab information collected in power 
monitor environment 720 is communicated to computa- 
tion environment 730 depicted in FIGS. 10 and 12. 
Computation environment 730 is utilized to perform the 
data processing of information collected in power moni- 
tor environment 720. Computation environment 730 
typically includes a processor such as a microprocessor 
731, see FIG. 12, algorithms or data structures 732, a 
database 733, a memory 734, a novel algorithm 735, 
optionally a network component 736 and optionally an 
Al component 737. Algorithms or data structures 732 
are employed using methods which are well known to 
those of ordinary skill in the art to operate processor 
731 and any peripheral devices associated with this 
processor. Database 733 contains for example histori- 
cal power usage data Memory 734 can for example be 
used to store in-process power usage and power sched- 
uling data. 

[0053] One or more novel algorithms 735 are 
employed to assist in implementing the power manage- 
ment system of the wafer fab of manufacturing environ- 
ment 71 0. It is well known to those of ordinary skill in the 
art that electrical power usage of a wafer fab varies dur- 
ing a processing run. For example, if a tool using a fur- 
nace is switched on, it typically results in a power surge 
during start-up of the furnace. However, once the fur- 
nace has reached operating temperature it requires less 
power to operate. Similarly, vacuum pump-down 
requires more electrical power than maintaining a spe- 
cific vacuum level. Thus, starting all tools in a wafer fab 
at the same time generally results in a power surge. 
Novel algorithm 735 (FIGS. 12 and 13) is adapted for 
scheduling the usage of tools in the manufacturing envi- 
ronment such that anticipated power surges occur dur- 
ing relative low power usage periods of the wafer fab. 
For example, pump-down of each of the tools is prefer- 
ably scheduled such that pump-down is in a planned 
sequence rather than starting pump-down of several 
tools simultaneously. Similarly, heating of processing 
components can be scheduled to avoid simultaneously 
starting several heaters. 

[0054] Algorithm 735 of the present invention 
includes steps 900 through 920, shown in FIG. 13. Each 
of these steps includes the pertinent power related 
information from each of the tools of the wafer fab, thus 
representing a comprehensive computational treatment 
of power related information and data concerning the 
wafer fab. Typically, algorithm 735 is utilized prior to 
starting a production run, in order to optimize power 
usage and particularly to avoid power surges or peaks. 
In step 900, equipment status, including linked or not 
linked is entered, this can for example include whether 
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all tools of the manufacturing environment are available 
for a planned production run. Current power usage is 
entered in step 902, if the process is currently running. 
Wafer ID and run information are entered in step 904, 

5 while scheduling information for the run is entered in 
step 906. Information entered in steps 900, 902, 904 
and 906 is provided by power monitor environment 720. 
In step 908, MES environment 750 provides process 
run details to algorithm 735 including the types of tools 

w and the process sequence of using the tools in the man- 
ufacturing environment. Historical data concerning 
power usage of each of the tools scheduled in step 908 
are obtained from database 733. These data are 
entered into step 910 of algorithm 735. 

is [0055] The information provided in steps 900, 902, 
904, 906, 908 and 91 0, depicted in FIG. 1 3, is combined 
to derive a power usage profile 912 for the production 
run. The power usage profile of the actual power usage, 
or the expected power usage, represents power usage 

20 versus time for the entire duration of the wafer fab 
processing run. Subsequently, in step 914 the power 
usage profile is analyzed to determine if the anticipated 
power usage will result in surge or peak consumption 
periods, i.e. determine whether the profile is within a 

25 predetermined power range. This is followed by a deci- 
sion step 91 6. If the analysis in step 91 4 predicts surges 
or peaks, novel algorithm 735 will reschedule the timing 
of starting or using tools to avoid these anticipated 
surges, thus providing a modified wafer fab run sched- 

30 ule in step 918 such that electrical power demand or 
usage is more evenly distributed during wafer fab 
processing and wherein power surges remain within a 
predetermined range. The schedule provided by proc- 
ess run details step in 908 will be executed without 

35 modification by algorithm 735, if it is determined in step 
916 that the power usage will remain within the prede- 
termined range. A modified wafer fab run schedule, i.e. 
step 918, will be communicated to the MES environ- 
ment to automatically activate the various tools of the 

40 manufacturing environment according to the schedule 
developed through algorithm 735. Typically, the manu- 
facturing environment employs one or more on-board 
computers or distributed computer functions in order to 
operate or control various processes and operational 

45 functions and it will be understood that the MES envi- 
ronment may require special protocols in order to 
access the manufacturing environment. Alternately, the 
schedule can be provided to for example reporting envi- 
ronment 760 (FIG. 10) for subsequent intervention in 

so the manufacturing environment. Optionally, algorithm 
735 can provide an alert message showing that algo- 
rithm 735 was unable to develop a schedule which will 
maintain power consumption per unit time within a pre- 
determined range. 

55 [0056] Optional network component 736 (FIG. 12) 
of computation environment 730 provides a link 
between the wafer fab and external entities such as a 
remote database or a remote management function 
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using for example a bus or a LAN. Al component 737 
can for example be used to process historical power 
usage data stored in database 733 to derive improved 
algorithms for power usage and power scheduling, 
based on experience gained over many production 5 
runs. Computation environment 730, as described 
herein, is utilized in conjunction with power monitor 
environment 720 of the present invention. However, it is 
also contemplated to use this computation environment 
for any and all functions of processes carried out in con- w 
nection with manufacturing environment 710. 
[0057] As is schematically shown in FIGS. 10 and 
12, an analysis environment 740 is provided. This 
optional environment can be employed to show the 
results of steps 914 and 916 (FIG. 13) in order to aid in, 75 
for example, visual analysis by providing a graphical 
representation on a computer monitor or as hard copy. 
While analysis environment 740 has been shown as an 
environment which is separate from the other environ- 
ments of this invention, it is also contemplated to inte- 20 
grate analysis environment 740 with computation 
environment 730. Reporting environment 760, sche- 
matically depicted in FIG. 10, can acquire data and 
information from the environments of the present inven- 
tion and generate reports as described above in con- 25 
nection with reporting environment 260 shown in FIG. 4. 
[0058] Another embodiment of the present inven- 
tion, schematically illustrated in FIG. 14, shows an elec- 
trical power management system for managing the 
power of two or more wafer tabs. FIG. 1 4 depicts a wafer 30 
fab system 1000 comprising n wafer fabs which are 
coordinated for optimum power usage, including a wafer 
fab No. 1 manufacturing environment 1010, a wafer fab 
No. n manufacturing environment 1012, a power moni- 
tor environment 1020, a computation environment 35 
1030, an analysis environment 1040, an MES environ- 
ment 1050 and a reporting environment 1060. Manufac- 
turing environments 1010 and 1012 are functionally 
equivalent to manufacturing environment 710 shown in 
FIG. 10. Environments 1020, 1030, 1040, 1050 and 40 
1060 of FIG. 14 are functionally equivalent to environ- 
ments 720, 730, 740, 750 and 760 depicted in FIG. 10. 
The present embodiment employs a novel algorithm 
(not shown) similar to algorithm 735 described in con- 
nection with FIG.S 12 and 13 in order to optimize elec- 45 
trical power usage such that power peaks or surges are 
avoided when wafer fab No. 1 and No. n are concur- 
rently used to process semiconductor wafers. While 
algorithm 735 processes information from one wafer fab 
and then schedules the various operations in the wafer so 
fab, the algorithm of the system shown in FIG. 14 proc- 
esses the information from n wafer fabs and then coor- 
dinates the schedules of these wafer fabs to avoid 
power surges and to utilize a processing schedule 
wherein the electrical power demand or usage is more 55 
evenly distributed during wafer fab processing. 
[0059] The embodiments of the present invention 
described in connection with FIGS. 10 through 14 pro- 



vide wafer fab electrical power management systems 
for one or more wafer fabs, adapted for avoiding power 
surges and for more evenly distributing the power 
demand during wafer fab processing. As a conse- 
quence, these embodiments have lower circuit breaker 
ratings, i.e. their maximum power demand is lower than 
in convention power management systems for wafer 
fabs. Lower breaker ratings result in capital cost savings 
because the cost of electrical power equipment such as 
breakers, transformers and transmission lines is 
approximately proportional to the system's breaker rat- 
ing. Also, a more stable electrical power supply results 
from a more evenly distributed power demand and 
avoidance of power consumption peaks. The more sta- 
ble power supply prevents the occurrence of momen- 
tary power interruptions or short term brownouts 
caused by power surges. 

[0060] An additional embodiment of the present 
invention, schematically illustrated in FIG. 15, shows a 
wafer fab 1 1 00 including a spare parts inventory control 
and scheduling system. This spare parts inventory con- 
trol and scheduling system is integrated with the wafer 
fab. Wafer fab 1100 includes a manufacturing environ- 
ment 1110, a spare parts monitor environment 1 120, a 
computation environment 1 130, a spare parts manager 
environment 1140, an MES environment 1150 and a 
reporting environment 1160. The novel spare parts 
inventory control and scheduling system comprises: 
spare parts monitor environment 1120, computation 
environment 1130 and spare parts manager environ- 
ment 1140. 

[0061] Manufacturing environment 1110 of wafer 
fab 1 1 00 includes the processing tools of the wafer fab 
such as wafer processing chambers and wafer handling 
tools. A wafer processing chamber 1200, suitable for 
use with the novel spare parts inventory and scheduling 
system is schematically depicted in FIG. 16. This cham- 
ber receives input from MES environment 1 150. Option- 
ally, chamber 1200 can receive additional input through 
non-MES input 1205. Inputs from MES environment 
1150 and non-MES input 1205 include setting or regu- 
lating chamber controllers and providing information to 
input devices, similar to those described in connection 
with chamber 800 which is illustrated in FIG. 11. Based 
on these inputs, chamber controllers and input devices 
are employed to select the various status, parameter, 
information and scheduling functions of chamber 1200 
similar to those described in connection with chamber 
800. The various status, parameter, information, metrol- 
ogy and scheduling conditions or results concerning 
chamber 1200 can be transmitted directly to MES envi- 
ronment 1150, see FIGS. 15 and 16, to provide MES 
environment 1150 with comprehensive real time infor- 
mation regarding the chamber's status and processing 
conditions. This information can also be provided on a 
real time basis to reporting environment 1 1 60. 
[0062] Spare parts monitor environment 1120, 
shown in FIGS. 15 and 16, can collect chamber infor- 
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mation regarding its status, spare parts and mainte- 
nance scheduling, as well as run and wafer ID 
information. Optionally, this information is displayed or 
printed, for example by means of reporting environment 
1 160 as depicted in FIG. 15. Returning to FIG. 16, sta- 
tus information is provided to spare parts monitor envi- 
ronment 1120 by on-line standby 1226, on-line in 
process 1226, off-line 1230, linked 1232 and not linked 
1234. Production run 1244 and optionally wafer ID 1246 
information are transmitted to spare parts monitor envi- 
ronment 1120. Spare parts, also referred to as mainte- 
nance parts, schedule 1254 and maintenance activities 
schedule 1256 are communicated to spare parts moni- 
tor environment 1120, see FIG. 16. Scheduling for 
spare or maintenance parts is an MES environment 
activity which can for example be executed through 
scheduling controller 1248 of wafer fab chamber 1200. 
Other processing tools, such as additional chambers, 
(not shown) are similarly linked to MES environment 
1150 and to spare parts monitor environment 1120, 
thereby linking a manufacturing environment 1110, 
such as the wafer fab tools, to MES environment 1 150 
and to spare parts monitor environment 1 120. 

[0063] The wafer fab information collected in spare 
parts monitor environment 1120 is communicated to 
computation environment 1130 depicted in FIGS. 15 
and 17. Computation environment 1130 is utilized to 
perform the data processing of information collected in 
spare parts monitor environment 1120. Computation 
environment 1130 typically includes a processor such 
as a microprocessor 1131, see FIG. 17, algorithms or 
data structures 1132, a database 1133, a memory 
1134, a novel algorithm 1135, a network component 
1 136 and optionally an Al component 1 137. Algorithms 
or data structures 1132 are employed using methods 
which are well known to those of ordinary skill in the art 
to operate processor 1131 and any peripheral devices 
associated with this processor. Database 1 1 33 contains 
for example historical data concerning spare parts 
usage. Memory 1 1 34 can for example be used to store 
in-process spare parts usage, availability and schedul- 
ing data. One or more novel algorithms 1135 are 
employed to assist in implementing the spare parts 
management system of wafer fab 1 1 00. 
[0064] Typically, algorithm 1135 is used well in 
advance of executing a particular wafer production run 
in order to make certain that the required spare parts 
are in inventory. Information regarding the type and 
quantity of spare parts which are needed for a produc- 
tion run is provided to tool 1200 (FIG. 16) in mainte- 
nance parts 1254. The information is obtained from 
MES environment 1150. The date on which a specific 
spare part is needed is provided through the scheduling 
information of maintenance activities 1256 and cham- 
ber status controller 1210. The information related to 
each spare part, is accumulated in spare parts monitor 
environment 1120, FIG. 15. 

[0065] Algorithm 1135 of the present invention 



includes steps 1 1 72 through 1 1 84, illustrated in FIG. 1 8, 
as exemplified for a part designated X. The current 
inventory of part X for wafer fab 1 1 00 is automatically 
entered by spare parts monitor environment 1 120 (FIG. 

5 17) in step 1172. The required inventory which is 
needed on a scheduled date, such as a date scheduled 
for maintenance, is entered by spare parts environment 
1 120 in step 1174. A required delivery date D is calcu- 
lated in step 1 174 by, for example, subtracting a prede- 

w termined number of days from the scheduled date In 
order to achieve delivery just prior to needing the part. 
Optionally, the delivery period for part X, i.e. the time 
required to receive the part following ordering the part 
from the approved supplier, can be entered automati- 

75 cally by spare parts manager environment 1 140 (FIG. 
1 7) in step 1 1 76. The approved supplier is entered auto- 
matically by spare parts manager environment 1 1 40 in 
step 1178 of algorithm 1 135 shown in FIG. 18. An elec- 
tronic order component, step 1 179, is provided to algo- 

20 rtthm 1 135 by spare parts manager environment 1140 
which provides information for electronically transmit- 
ting a parts order to the approved supplier, for example 
using e-mail. Algorithm 1 135 prepares a purchase order 
for part X by combining the information from steps 1 1 72, 

25 1 1 74, 1 1 76, 1 1 78 and 1 1 79. The order is electronically 
communicated to the spare parts manager environment 
for an optional review, step 1 1 82, of the purchase order. 
Subsequently, in step 1 1 84 the purchase order for part 
X is then executed by transmitting it electronically to the 

30 supplier, using the electronic order component of step 
1179. This step can for example be executed through 
network 1136, FIG. 17, of computation environment 
1130. Inventory for other parts is scheduled and 
ordered similarly, using algorithm 1 1 35. 

35 [0066] While the invention has been illustrated in 
connection with one wafer fab, the invention is equally 
suitable for use with several wafer fabs by combining the 
spare parts information from the manufacturing environ- 
ments of these wafer fabs in one spare parts monitor 

40 and using the algorithm for electronically deriving and 
executing a purchase order. 

[0067] SPC techniques, such as those described in 
connection with FIGS. 3 - 9 can also be used to identify 
processing, product or quality problems requiring repair 

45 or maintenance action of a wafer fab tool. Statistical 
information regarding the need for spare parts, based 
on these SPC techniques can be provided by the MES 
environment to maintenance parts 1254 and mainte- 
nance activities 1256 of chamber 12, shown in FIG. 16. 

50 This SPC derived information is then an added compo- 
nent of the spare parts requirements which is provided 
to the spare parts monitor environment. 
[0068] Network component 1 1 36 (FIG. 1 7) of com- 
putation environment 1130 provides a link between the 

55 wafer fab and external entities such as a remote data- 
base or a remote management function using for exam- 
ple a bus or an internet connection to electronically 
execute the spare parts order as described above in 
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connection with algorithm 1135. Al component 1137 
can for example be used to process historical spare 
parts usage data stored in database 1133 to derive 
improved algorithms for spare parts scheduling and 
ordering, based on experience gained over many pro- 
duction runs. Computation environment 1130, as 
described herein, is utilized in conjunction with spare 
parts monitor environment 1120 of the present inven- 
tion. However, it is also contemplated to use this compu- 
tation environment for any and all functions of 
processes carried out in connection with manufacturing 
environment 1110. Spare parts management environ- 
ment 1140, see FIGS. 15 and 17, has been shown as 
an environment which is separate from the other envi- 
ronments of this invention. However, it is also contem- 
plated to integrate spare parts management 
environment 1140 with computation environment 1130 
or with MES environment 1150. Reporting environment 
1160, schematically depicted in FIG. 15, can acquire 
data and information from the environments of the 
present invention and generate reports as described 
above in connection with reporting environment 260 
shown in FIG. 4. 

[0069] The novel spare parts inventory control and 
scheduling system is adapted for managing spare parts 
on a JIT (just-in-time) basis, i.e. parts are delivered by 
the supplier when they are expected to be needed, and 
no sooner. JIT inventory control generally results in 
reduced wafer production cost because spare parts pur- 
chases are made on an as-needed basis, and the need 
for spare parts storage space is minimized. 
[0070] An additional embodiment of the present 
invention, schematically illustrated in FIG. 19, shows a 
wafer fab 1300 including a wafer fab efficiency system. 
This wafer fab efficiency system is integrated with the 
wafer fab. Wafer fab 1300 includes a manufacturing 
environment 1310, a scheduling monitor environment 
1320, a computation environment 1330, a scheduling 
management environment 1340, an MES environment 
1350 and a reporting environment 1360. The novel 
wafer fab efficiency system comprises: scheduling mon- 
itor environment 1320, computation environment 1330 
and scheduling management environment 1340. 
[0071] Manufacturing environment 1310 of wafer 
fab 1300 includes the processing tools of the wafer fab 
such as wafer processing chambers and wafer handling 
tools. A wafer processing chamber 1400, suitable for 
use with the novel wafer fab efficiency system is sche- 
matically depicted in FIG. 20. This chamber receives 
input from MES environment 1350. Optionally, chamber 
1400 can receive additional input through non-MES 
input 1405. Inputs from MES environment 1350 and 
non-MES input 1405 include setting or regulating cham- 
ber controllers and providing information to input 
devices, similar to those described in connection with 
chamber 800 which is illustrated in FIG. 11. Based on 
these inputs, chamber controllers and input devices are 
employed to select the various status, parameter, infor- 
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mation and scheduling functions of chamber 1400 simi- 
lar to those described in connection with chamber 800. 
The various status, parameter, information, metrology 
and scheduling conditions or results concerning cham- 

5 ber 1400 can be transmitted directly to MES environ- 
ment 1350, see FIGS. 19 and 20, to provide MES 
environment 1350 with comprehensive real time infor- 
mation regarding the chamber's status and processing 
conditions. This information can also be provided on a 

;o real time basis to reporting environment 1360 depicted 
in FIG. 19. 

[0072] Scheduling monitor environment 1320, 
shown in FIGS. 19 and 20, can collect chamber infor- 
mation regarding its status, scheduling of activities and 

is materials, as well as run and wafer ID information. 
Optionally, this information is displayed or printed, for 
example by means of reporting environment 1360. 
Returning to FIG. 20, status information is provided to 
scheduling monitor environment 1320 by on-line 

20 standby 1426, on-line in process 1428, off line 1430, 
linked 1432 and not linked 1434. Production run 1444 
and wafer ID 1446 information are transmitted to sched- 
uling monitor environment 1320. The wafer inventory 
1450 and consumables 1452 schedules which are pro- 

25 vided by MES environment 1350 through the chamber's 
scheduling controller 1448, are communicated to 
scheduling monitor environment 1320. Spare parts, 
also referred to as maintenance parts, schedule 1454 
and maintenance activities schedule 1456 are commu- 

30 nicated to scheduling monitor environment 1320, see 
FIG. 20, as is the facilities schedule for example for 
electrical power. Scheduling for spare or maintenance 
parts is a MES environment activity which can for exam- 
ple be executed through scheduling controller 1448 of 

35 wafer fab chamber 1 400. Scheduling for spare parts can 
include the novel spare parts inventory and scheduling 
system described in connection with FIGS. 15-18. 
Electrical power scheduling can include the novel elec- 
trical power management system which is described in 

40 connection with FIGS. 10-14. Other processing tools, 
such as additional chambers, (not shown) are similarly 
linked to MES environment 1350 and to scheduling 
monitor environment 1 320. 

[0073] Optionally, MES environment 1350, FIG. 19, 
45 provide scheduling monitor environment 1320 with a 
personnel schedule for operating the wafer fab, includ- 
ing for example the manufacturing group, the mainte- 
nance group, wafer fab management as well as support 
personnel. This information can be conveyed to sched- 
50 uling monitor environment 1320 using for example link 
1301 shown in FIG. 19. 

[0074] The wafer fab information collected in sched- 
uling monitor environment 1320 is communicated to 
computation environment 1330 depicted in FIGS. 19 
55 and 21. Computation environment 1330 is utilized to 
perform the data processing of information collected in 
scheduling monitor environment 1320. Computation 
environment 1330 typically includes a processor such 
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as a microprocessor 1331, see FIG. 21, algorithms or 
data structures 1332, a database 1333, a memory 
1334, a novel algorithm 1335, optionally a network com- 
ponent 1336 and optionally an Al component 1337. 
Algorithms or data structures 1 332 are employed, using 
methods which are well known to those of ordinary skill 
in the art, to operate processor 1331 and any peripheral 
devices associated with this processor. Database 1333 
contains for example historical data concerning wafer 
fab scheduling, and scheduling of wafer fab tools. Mem- 
ory 1334 can for example be used to store in-process 
scheduling data. One or more novel algorithms 1335 
are employed to assist in implementing the wafer fab 
efficiency system of wafer fab 1 300. 

[0075] Algorithm 1335 of the present invention is 
utilized to optimize the wafer fab process for improved 
asset utilization. This algorithm includes steps 1372 - 
1382, as illustrated in FIG. 22. In step 1372, the 
sequence of all processing steps for executing the wafer 
fab process is entered. This sequence can for example 
be obtained from a wafer fab design which has not yet 
been used in actual production, from a test run, or from 
a prior production run for this wafer fab. The sequence 
information is generally obtained from MES environ- 
ment 1350. Alternatively, the sequence information 
resulting from a previous production run can be 
obtained from database 1333, see FIG. 21 . Returning to 
FIG. 22, all processing tools which are needed for the 
required processing steps, and which are available to 
be on-line with wafer fab 1 300, are entered in step 1 374. 
The information needed in step 1374 can for example 
be obtained from database 1333 or from MES environ- 
ment 1350. Decision step 1376 determines whether the 
required tools are available. If they are not available, 
algorithm 1 335 will indicate a scheduling conflict in step 
1378 and for example communicates this conflict to 
MES environment 1350 or to scheduling management 
environment 1340 shown in FIG. 19. 
[0076] If there is no scheduling conflict, an optimiz- 
ing or sorting procedure will be executed in step 1380 to 
optimize the use of the processing toots and any 
required equipment and services for executing wafer fab 
1300. This optimizing procedure takes into account the 
wafer capacity in terms of wafers processed per unit 
time to determine for example if additional processing 
tools are needed in order to employ certain types of 
processing tools in parallel. The optimizing procedure 
can also include implementing an electrical power man- 
agement system such as described in connection with 
FIGS. 10 - 13. An optimized process run schedule is 
obtained in step 1382 as a result of the optimizing pro- 
cedure of step 1380. The optimized run schedule is 
communicated to scheduling management environment 
1340 (FIG. 19) which then provides additional schedul- 
ing for example for personnel, facilities and materials. 
[0077] While the invention has been illustrated in 
connection with one wafer fab, the invention is equally 
suitable for use with several wafer fabs by employing an 
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algorithm, such as algorithm 1335 of the present inven- 
tion, to optimize the scheduling of the available process- 
ing tools for use with these wafer fabs in order to 
achieve improved wafer fab efficiency. 

5 [0078] Network component 1 336 (FIG. 21 ) of com- 
putation environment 1330 provides a link between the 
wafer fab and external entities such as a remote data- 
base or a remote management function using for exam- 
ple a bus or an internet connection. The network 

io component can also provide a link between several 
wafer fabs in order to coordinate the scheduling of these 
wafer fabs. Al component 1337 can for example be 
used to process historical wafer fab process run and 
tool data stored in database 1333 to derive improved 

15 algorithms for optimizing wafer fab processes based on 
experience gained over many production runs. Compu- 
tation environment 1330, as described herein, is utilized 
in conjunction with scheduling monitor environment 
1320 of the present invention. However, it is also con- 

20 templated to use this computation environment for any 
and all functions of processes carried out in connection 
with wafer fab 1300. Scheduling management environ- 
ment 1340, see FIGS. 19 and 21, has been shown as 
an environment which is separate from the other envi- 

25 ronments of this invention, it is also contemplated to 
integrate scheduling management environment 1340 
with computation environment 1330 or with MES envi- 
ronment 1350. Reporting environment 1360, schemati- 
cally depicted in FIG. 19, can acquire data and 

30 information from the environments of the present inven- 
tion and generate reports as described above in con- 
nection with reporting environment 260 shown in FIG. 4. 
[0079] The novel wafer fab efficiency system is 
adapted for the more efficient scheduling of wafer fab 

35 resources, leading to a more efficient wafer flow, 
thereby maximizing die output and wafer fab utilization, 
resulting an improved asset utilization. The improved 
asset utilization results in more efficient use of 
resources such as equipment, materials, facilities and 

40 personnel, and in reduced manufacturing costs. 

[0080] The invention has been described in terms 
of the preferred embodiment. One skilled in the art will 
recognize that it would be possible to construct the ele- 
ments of the present invention from a variety of means 

45 and to modify the placement of components in a variety 
of ways. White the embodiments of the invention have 
been described in detail and shown in the accompany- 
ing drawings, it will be evident that various further mod- 
ifications are possible without departing from the scope 

so of the invention as set forth in the following claims. 

Claims 

1. A method for responding to processing defects in a 
55 fabrication process, the method comprising: 

a) integrating a statistical process control pro- 
cedure with the fabrication process; 
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b) determining control limits of the fabrication 
process; and 

c) automatically intervening with the fabrication 
process through the statistical process control 
procedure when the process is not executed 5 
within the control limits. 

2. The method of claim 1 wherein the fabrication proc- 
ess comprises a process for fabricating an IC struc- 
ture. 10 

3. The method of claim 1 wherein the fabrication proc- 
ess comprises at least one wafer fabrication proc- 
ess. 

75 

4. The method of claim 1 wherein the control limits 
comprise data selected from the group consisting of 
processing parameters and metrology of a wafer 
fab tool. 

20 

5. An apparatus for responding to processing defects 
in a fabrication process, the apparatus comprising: 

a) a statistical process control environment 
which is integrated with the fabrication process, 25 
wherein the statistical process control environ- 
ment is adapted for determining control limits of 
the fabrication process; 

b) a manufacturing execution system environ- 
ment which is integrated with the fabrication 30 
process, wherein the manufacturing execution 
system environment is adapted for determining 
whether the fabrication process is within the 
control limits; and 

c) an intervention environment adapted for 35 
automatically intervening with the fabrication 
process when the manufacturing execution 
system environment determines that the fabri- 
cation process is outside the control limits. 

40 

6. The apparatus of claim 5 wherein the fabrication 
process comprises a process for fabricating an IC 
structure. 

7. The apparatus of claim 5 wherein the fabrication 45 
process comprises at least one wafer fabrication 
process. 

8. The apparatus of claim 5 wherein the control limits 
comprise data selected from the group consisting of so 
processing parameters and metrology of a wafer 

fab tool. 
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